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Abstract 
Mesoporous noble metals and their patterning techniques for obtaining unique patterned structures are 
highly attractive for electrocatalysis, photocatalysis, and optoelectronics device applications owing to 
their expedient properties such as high level of exposed active locations, cascade electrocatalytic sites, 
and large surface area. However, patterning techniques for mesoporous substrates are still limited to 
metal oxide and silica films, although there is growing demand for developing techniques related to 
patterning mesoporous metals. In this study, the first demonstration of mesoporous metal films on 
patterned gold (Au) substrates, prefabricated using photolithographic techniques, is reported. First, 
different growth rates of mesoporous Au metal films on patterned Au substrates are demonstrated by 
varying deposition times and voltages. In addition, mesoporous Au films are also fabricated on various 
patterns of Au substrates including stripe and mesh lines. An alternative fabrication method using a 
photoresist insulating mask also yields growth of mesoporous Au within the patterning. Moreover, 
patterned mesoporous films of palladium (Pd) and palladium–copper alloy (PdCu) are demonstrated on 
the same types of substrates to show versatility of this method. Patterned mesoporous Au films (PMGF) 
shows higher electrochemically-active surface area (ECSA) and higher sensitivity toward glucose 
oxidation than nonpatterned mesoporous Au films (NMGF). 
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Abstract 
Mesoporous noble metals and their patterning techniques for obtaining unique patterned structures are highly 
attractive for electrocatalysis, photocatalysis, and optoelectronics device applications owing to their expedient 
properties such as high level of exposed active locations, cascade electrocatalytic sites, and large surface area. 
However, patterning techniques for mesoporous substrates are still limited to metal oxide and silica films, 
even though there is growing demand for developing techniques related to patterning mesoporous metals. In 
this study, we report the first demonstration of mesoporous metal films on patterned gold (Au) substrates, pre-
fabricated using photolithographic techniques. First, we demonstrate different growth rates of mesoporous Au 
metal films on patterned Au substrates by varying deposition times and voltages. In addition, mesoporous Au 
films are also fabricated on various patterns of Au substrates including stripe and mesh lines. An alternative 
fabrication method using a photoresist insulating mask also yields growth of mesoporous Au within the 
patterning. Moreover, patterned mesoporous films of palladium (Pd) and palladium-copper alloy (PdCu) are 
demonstrated on the same types of substrates to show versatility of this method. Our patterned mesoporous 
Au film (PMGF) shows higher electrochemically active surface area (ECSA) and higher sensitivity towards 
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1. Introduction 
Nanometer and micrometer scale fabrication techniques have received great attention due to their potential in 
a wide-range of electronic and optoelectronic applications. Due to its flexibility and ever-growing features, 
photolithography has been the most widely applied method in both academic and industrial research. 
Nowadays, nanometer and micrometer scale patterning techniques have overcome the standard resolution 
limit of traditional photolithography (ca. 400 nm), with patterns of significantly greater resolutions over large 
areas. Consequently, combining such a well-mastered technique with other bottom-up chemical approaches is 
believed to be the key for future nanopatterning technologies. The formation of microstructures by molding[1] 
was explored by M. Trau et al., in which they successfully demonstrated the fabrication of micrometer scale 
mesoporous silica tubules through self-assembly process of surfactants.[2] Meanwhile, various patterning 
techniques, including electron beam lithography (EBL),[3] X-ray,[4] imprinting lithography,[5] etc. have been 
also reported. Patterned mesoporous materials were introduced via various patterning methods such as self-
assembling monolayers (SAMs),[6] photolithography,[7] and molding.[8] These patterned mesoporous films 
have significant advantages in applications such as sensors,[9] microelectromechanical systems (MEMS),[10] 
as well as electronic and optical devices.[8,10,11] However, there are no reports on well-designed patterning of 
mesoporous metal films. 
In opposition to the insulating properties of metal oxides, the superior conductivity of mesoporous 
metal films can open new fields by fabricating devices with various patterns. Mesoporous metal films using 
soft-templates have recently become very attractive.[12,13] Originally, lyotropic liquid crystals (LLCs) made of 
highly concentrated surfactants have been utilized as templates for the preparation of mesoporous metals,[14] 
but their high viscosity constitutes a critical limitation for the formation of patterns at the nanometer and 
micrometer scale level. Our group has successfully synthesized mesoporous Au films from dilute electrolyte 
containing spherical micelles called poly(oxyethylene)-block-polystyrene (PEO-b-PS) having different 
molecular weights.[15,16] This electrochemical micelle assembly utilizing soft-templates requires fewer steps 
and is more cost-effective compared to processes using hard-templates[17] and traditional LLC soft-templates. 
Besides Au, other mesoporous metal and alloy films have also been reported by using the corresponding metal 
species.[18] Mesoporous Pd and PdCu films exhibited uniformly sized pores as well as large ECSA.[19, 20] The 
mesoporous Pd film showed 5.4 and 2.4 times greater ethanol oxidation reaction (EOR) than the non-porous 
Pd film and Pd black (PdB), respectively, while the mesoporous PdCu film also showed more than twice the 
EOR of PdB. These are a few examples, among others, demonstrating the great potential of mesoporous metals 
and alloys compared to their non-porous film counterparts.[21-26] 
In this report, we demonstrate geometrically patterned mesoporous metal films by a combination of 
electrochemical approaches and lithographic techniques. First, we reveal the growth mechanism of PMGF by 
performing electrochemical deposition at varying deposition times and voltages. At higher deposition voltages, 
the center of the PMGF tends to grow faster than the edges, forming the arch-shaped film. In addition, we 
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have also fabricated patterned mesoporous Pd and PdCu alloy films and obtained highly active stable 
mesoporous patterned structure. Moreover, we demonstrate another method to fabricate PMGFs by using a 
photoresist as an insulator. This method shows that various patterned mesoporous metal films, such as dot 
shapes, are also possible. Finally, we demonstrate the applicability of PMGFs as a preliminary electrochemical 
device application towards the non-enzymatic detection of glucose oxidation and the PMGFs evidenced an 
ultra-high detection sensitivity. We expect that this patterning techniques and patterned structure would open 
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2. Result and Discussion 
In this study, we demonstrate the fabrication of two types of patterned mesoporous metal and one alloy films. 
Figure 1 shows the schematic illustration of the stepwise processing of the photolithography and the 
mesoporous metal deposition. Two routes are investigated towards the fabrication of patterned mesoporous 
metal films. One is the deposition of the mesoporous metal film on patterned Au electrodes (route A); the 
other is the deposition of the mesoporous metal film on non-patterned Au electrodes with patterned photoresist 
(route B). In route A, Au substrates are patterned and then mesoporous metal films are deposited, while in 
route B, the photoresist is used as an insulator to block the electric field between the Au substrate and the 
electrolyte precursor, thus acting as a mask. The mesoporous metal film deposition was conducted with a 
three-electrode electrochemical system, as shown in Figure 2a. Before the deposition, the micelle formation 
of PEO-b-PS, cetyltrimethylammonium chloride (CTAC) and poly(ethylene glycol)-block-poly(propylene 
glycol)-block-poly(ethylene glycol) (P123) were assessed by observing scattering of a laser beam passing 
through the solutions, as shown in Figure 2b. The homogeneous formation of PEO-b-PS micelle was also 
observed by TEM (Figure 2c). The preparation of the precursors and the deposition conditions in this study 
refer to previous reports.[15,20,26] 
In order to obtain the suitable electrochemical deposition duration, we conducted Au metal deposition 
with different deposition times at -0.5 V. Here we used the Au substrates with stripe lines with 3.7 μm in 
width. As can be seen from Figure 3, Figure S1-S2 (Supporting Information), each deposition time results in 
different structures and substrate covering. While the PMGF deposited for 100 s shows partly uncovered sites 
over the entire substrate (inset of Figure 3b), the film deposited for 500 s covers the substrate completely 
(Figure 3d). This result indicates that the electric field distribution between the center of the patterned Au 
electrode and the edges is different. When comparing PMGFs grown for 100 s and for 1500 s on cross-
sectional SEM images (Figure S2, Supporting Information), the phenomenon is even clearer. As the deposition 
time increases, the width of the PMGFs increases from about 3.7 μm (at 100 s) to about 4.7 μm (at 1500 s). 
We deduce from these images that the PMGFs grow both vertically and laterally, which becomes strongly 
evident at longer deposition time (Figure 3g). The pore size distribution graphs in Figure S1 (Supporting 
Information) show the mesoporous structure deposited for 1500 s is slightly distorted. 
Moreover, to obtain a stable patterned structure, we also studied the influence of the deposition voltage 
for 500 s (Figure 4, Figure S3-S4, (Supporting Information)). As mentioned above, the distinguishable 
difference in mesoporous formations between the center and the edges of the PMGFs in Figure 4e (-0.6 V) 
and Figure 4f (-0.7 V) can be observed. The pore size distribution graphs in Figure S3 (Supporting Information) 
also show the distortion of the mesoporous structures deposited at -0.6 V and -0.7 V s. These results suggest 
that the electric field is distributed non-uniformly, with a stronger intensity at the center. Even when the 
applied potential increases, the width of the PMGFs is constant about 3.7 μm. Thus, it is worth noting that the 
width of the PMGFs does not depend on the deposition potential. In addition, the films deposited at -0.6 V 
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and -0.7 V are decorated with many small Au particles (Figures 4e-f and S3e-f, (Supporting Information)), 
which is attributed to low conductivity on p-doped silicon (Si) wafer (Figure S5, Supporting Information). 
Various stripe and mesh lines with different widths from 700 nm to 10 µm were designed by 
conventional photolithography (route A), as shown in Figure S6-S7 (Supporting Information). The 
mesoporous Au films were deposited on stripe and mesh line patterned substrates by the electrochemical 
deposition, as shown in Figure 5a-f. In addition, the magnified image in Figure 5c highlights the mesoporous 
structure of the electrodeposited Au film formed on the patterned Au substrate. The surface roughness of the 
mesoporous film deposited on the mesh line Au substrate (Figure 5d-f), however, is different from that of the 
stripe line Au substrate, and seems containing more Au particles on the non-conductive areas. This can be 
attributed to the different electric field distribution caused by the difference in widths and shapes (i.e., stripe 
and mesh) of the patterned Au lines. As will be discussed later on, these particles are not observed when using 
metals such as Pd and PdCu. Non-conductive substrates such as a non-doped Si wafer or a glass wafer should 
be used for the fabrication of PMGFs or other highly sensitive mesoporous metal films. 
To assess the versatility of our method, we fabricated patterned mesoporous Pd and PdCu alloy films, 
as outlined in previous reports.[20,26] Although the mesoporous Pd film was successfully deposited, the pore 
structure appeared different from the original report (Figure 5g-i). This is due to the difference in electric field 
distribution and current density. Figure 5j-l show the resulting patterned mesoporous PdCu films on stripe line 
Au substrates. The low magnification image (Figure 5j) clearly highlights that the deposition of the PdCu 
films only occur on the patterned Au substrates with an identical porous structure to our previous report 
(Figure 5k).[20] 
Using a photoresist as an insulating mask (route B), PMGFs were also deposited on both stripe and 
mesh line substrates (Figure S8, Supporting Information). Since various mesoporous metal patterning 
techniques are available, a wide range of designs become enabled. For instance, dot-shapes, as seen in Figure 
S8b (Supporting Information) can be used for optical applications and chemical catalysis because the pattern 
shape and pitch correspond to traditional photonic crystal structures while accommodating liquid flow 
between mesoporous dots.  
To assess the electrochemical activity and obtain ECSA, the PMGF (Figure 3d) and the NMGF (Figure 
3a) were prepared at -0.5 V vs. Ag/AgCl for 500 s on the patterned and non-patterned substrates, respectively. 
The chronoamperometry curves during the Au deposition are shown in Figure 6a. Even though the total 
patterned Au area for mesoporous Au deposition is only around 37 % of the overall surface of Si substrate, 
the currents observed for patterned substrates are almost the same as that observed for non-patterned substrate, 
indicating the patterning of conductive Au layers does not restrict the formation of mesoporous Au films. We 
conducted the cyclic voltammetry (CV) using H2SO4 solution. The CV curves of the PMGF and NMGF 
exhibit the typical shape of a clean Au electrode in acidic solution with the characteristic oxygen 
adsorption/desorption region in the potential range of 0.8-1.5 V (vs. Ag/AgCl). The CV curves (Figure 6b-c) 
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also show the reduction peaks at 0.9 V vs. Ag/AgCl. After the currents are normalized by the geometrical Au 
surface areas (0.056 cm2 for the PMGF and 0.15 cm2 for the NMGF), the PMGF shows much higher current 
density than the NMGF. Because various properties of patterned structures (e.g., conductivity, channeling, 
fluid flow and analyte or target immobilization) have been utilized in device design, our patterned mesoporous 
films would be highly efficient in practical applications. 
To test the functionality of PMGFs towards electroactive biomolecules, glucose oxidation reaction was 
performed and compared with NMGFs (20 mM glucose in 0.1 M NaOH; scan rate 100 mV·s-1). Figure 6d 
shows that both PMGFs and NMGFs possess glucose oxidation peaks at around 380 mV. The PMGFs show 
more than two times higher oxidation peak current (25.8 mA·cm-2) than that of NMGFs (11.2 mA·cm-2). This 
is because the glucose oxidation depends on the exposed active sites on the surface. The patterned mesoporous 
films provide three-dimensional geometry and more exposed active site for the glucose oxidation reaction. 
Similar current responses were obtained during the negative scan. To further assess the glucose detection 
sensitivity, different concentrations ranging from 1 µM to 20 mM (dissolved in 0.1 M NaOH) were applied to 
both PMGFs and NMGFs. The obtained glucose oxidation reaction was performed as shown in Figure 6e-f. 
With increasing the glucose concentration, both films experience a linear increment of current.  
To further examine the electrocatalytic activity and quantification of glucose, chronoamperometric 
(CA) response was recorded using both PMGFs and NMGFs upon the successive addition of glucose ranging 
from 0.2 µM to 1 mM (Figure 6g-i), where the CA response increases steeply. We have chosen 200 mV for 
CA studies to minimize the non-specific responses caused by other electroactive biomolecules present in 
biological system such as ascorbic acid, uric acid, maltose, etc. which are also prone to oxidation near glucose 
potential (300 to 400 mV).[28] Moreover, the background current in Figure 6c is almost zero, which provides 
superior benefits for measuring sensitively trace amounts of glucose in the presence of other interfering 
species.[28] The PMGFs show a linear response over 200 nM to 1 μM with a correlation coefficient 0.988 and 
the limit of detection (LoD) was estimated to be 0.450 µM (Figure 6h), which is almost ten times higher than 
NMGFs (4.12 µM).[28, 29] Such a detection at a nano-molar level has never been reported, although different 
Au structures such as Au nanoparticles (500 µM), inverse-opal Au film (3.2 µM), polymer stabilized Au (61 
µM), and nanowires (50 µM) have also been tested.[28, 30-34]. We believe that this higher electrocatalytic activity 
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3. Conclusion 
In this report, we explored for the first time patterned mesoporous metal films using Au, Pd, and PdCu alloy 
metals. Different deposition time and voltage dependence experiments reveal that the conditions change the 
growth of mesoporous metal films. In case of the patterned substrate, there is significant difference between 
the center and edges of the mesoporous films due to the non-uniform electric field distribution. Various shapes 
of the PMGFs such as stripe and mesh lines were also successfully fabricated by photolithography and 
electrochemical deposition systems. By depositing Pd and PdCu mesoporous films, we demonstrated that the 
method could be easily extended to other metals and alloys. From our observations, any patterned metal 
substrates can be utilized for patterning of mesoporous metal films. However, careful optimization of 
preparative conditions is necessary when new electrodes with different shapes and conductivities are used. 
For the glucose oxidation experiment, the PMGFs showed the detection capacity of a few hundred nano-molar 
concentration (0.450 µM of LoD). This shows high glucose detection sensitivity, especially at low 
concentration. Because many types of mesoporous materials with different compositions (e.g., metals, carbons, 
polymers) have been synthesized under strictly controlled conditions in recent years,[35,36] we can expect that 
our patterning techniques reported here can enable the design of novel patterned mesoporous films for various 
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4. Experimental Section 
Substrate preparation: A p-doped Si wafer was cleaned by acetone, iso-propyl alcohol, deionized water (DIW) 
with sonication. After the wet cleaning process, the surface was treated by O2 plasma for 5 minutes (Oxford 
Instruments PlasmaPro 80 Reactive Ion Etcher). 10 nm of titanium and 100 nm of Au were deposited by 
electron beam evaporation (Temescal FC-2000 e-beam evaporator) at about 10-6 Torr. The positive photoresist 
was spin-coated, and the pattern was drawn by a direct laser writing system (Heidlberg µPG101). Commercial 
developer and metal etchant were used for developing and etching. These works were operated in class 1000 
yellow cleanroom without the exposure of white light and natural air. 
Precursor of mesoporous Au film: To make the Au precursor, we followed the previous report.[15] 5 mg of 
PEO7500-b- PS18000 was dissolved in 1.5 ml of THF with sonication for 30 minutes. 0.75 ml of ethanol, 0.5 ml 
of HAuCl4 (40mM), and 1.25 ml of DIW were slowly added sequentially. The solution was stirred at 200 rpm 
for 30 minutes before used. The obtained pore sizes can be controlled by using various spherical micelles with 
different molecular weights and/or changing THF and other solvent amounts, which would be further work 
where the control of pore sizes is a key factor. 
Precursor of mesoporous Pd film: To make the Pd precursor, we followed the previous report.[26] 25 wt% of 
CTAC in DIW (0.5 ml) and 40 mM sodium tetrachloropalladate (Na2PdCl4) was mixed with 8 ml of DIW 
followed by pre-heating the solution at 50 °C.  After the solution became transparent, the deposition process 
was performed before the solution turns hazy back. 
Precursor of mesoporous PdCu film: For the PdCu precursor, we referred to the previous report.[20] A 
symmetric triblock copolymer P123 was dissolved in deionized water followed by sonication for 30 minutes 
(2 wt % concentration). Two aqueous solutions of 80 mM palladium chloride (PdCl2) and 80 mM copper 
sulfate (CuSO4) were prepared. 5.5 ml of HCl (32 %) was added in the PdCl2 solution to promote dissolution 
of H2PdCl4. Then, 8 ml of the PdCl2 solution and 2 ml of the CuSO4 solution (8:2 vol %) were slowly mixed 
followed by stirring at 300 rpm for 30 minutes. 
Electrochemical deposition: The electrodeposition of PMGFs and NMGFs were conducted in an 
electrochemical workstation (CH Instrument 660E, USA) using a three-electrode system with an Ag/AgCl 
reference electrode and a platinum wire counter electrode. The optimal electrodeposition was conducted at 
various conditions without stirring at room temperature. After successful Au deposition, the film was washed 
with THF (40 oC) to remove polymeric micelles followed by rinsing with adequate amount of DIW.  Pd and 
PdCu deposition were conducted with the same procedure. 
Electrochemical measurement: Prior to use for ECSA calculation and glucose oxidation, both PMGFs and 
NMGFs were cleaned by cyclic voltammetry using 0.5 M H2SO4 solution until obtaining a stable CV. The 
ECSA was measured at 100 mV·s-1 using 0.5 M H2SO4 solution. For glucose detection, the CV measurement 
was conducted using freshly prepared glucose solution (0.1 M NaOH).   The chronoamperometry (i-t) were 
  
10 (Invited paper) 
conducted using both PMGFs and NMGFs as a working electrode at 200 mV to obtain the oxidative current 
for glucose oxidation. 
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Figure 1. Schematic illustrating the two fabrication routes (A and B) yielding patterned mesoporous film. 
Route A: deposition of mesoporous Au on the pre-patterned Au substrate. Route B: deposition of mesoporous 
Au on Au substrate patterned with a photoresist insulating mask.  
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Figure 2. (a) Illustration of the progress of mesoporous metal deposition. The inset picture shows the PMGF 
(left) and the NMGF (right). (b) Observation of micelle formations from the three different polymers by 
Tyndall effect. (c) PEO-b-PS micelle distribution (left) and the picture by TEM and the average size of the 
spherical micelles is 26. 5 nm. 
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Figure 3. (a) A mesoporous Au film deposited at -0.5 V on non-patterned Au substrate for 500 s. The inset in 
(a) is the magnified image of the surface. (b-f) Time dependence of mesoporous Au films deposited at -0.5 V 
on patterned Au substrates for (b) 100 s, (c) 250 s, (d) 500 s, (e) 1000 s, and (f) 1500 s, respectively. The inset 
in (b) is the magnified image of the edge. (g) Sketch of the growth process of patterned mesoporous films at 
different deposition times. 
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Figure 4. Voltage dependence of mesoporous Au films deposited for 500 s on (a) a non-patterned Au substrate 
at -0.5 V and (b-f) patterned Au substrates at (b) -0.3 V, (c) -0.4 V, (d) -0.5 V, (e) -0.6 V, and (f) -0.7 V, 
respectively. (g) Sketch of the growth process of patterned mesoporous films at different voltages. 
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Figure 5. SEM images of the patterned mesoporous films deposited at -0.5 V for 500 s on (a-c) stripe line and 
(d-f) mesh line Au substrates. (g-i) Mesoporous Pd patterns deposited at 0.1 V for 1000 s on mesh line Au 
substrates. (j-l) Mesoporous PdCu patterns deposited at -0.4 V for 100 s on stripe line Au substrates. All the 
deposition conditions referred to the reported conditions.[15,20,26] 
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Figure 6. (a) Chronoamperometry plots during Au deposition on patterned and non-patterned Au substrates 
(The overall surface area of Si substrate is 15 mm2, 3 mm × 5 mm) under the same conditions (-0.5 V, 500 s). 
(b) CV measurement in H2SO4 solution of a PMGF (black line) and a NMGF (red line). (c) CV normalized 
by geometrical Au surface areas of both substrates. (d) CV comparison of glucose oxidation peaks on PMGFs 
and NMGFs at 20 mM concentration. (e, f) CV of glucose oxidation with different concentrations on PMGFs 
and NMGFs, respectively.  (g) Successive chronoamperometry curves with glucose concentration from 0 to 1 
μM.  (h, i) Current density vs. Glucose concentration curves in (h) low concentration (0 – 1 μM) and (i) high 
concentration (0 - 1mM). (c-i) The current density is normalized by the geometrical Au surface areas. 
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Designed Patterning of Mesoporous Metal Films Based on Electrochemical Micelle Assembly 
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The patterned mesoporous metal films can be fabricated by combining with photolithographic techniques. Not 
only it can be produced on various patterned substrates, but also palladium and palladium-copper alloy pattern 
mesoporous films can be fabricated. These patterned mesoporous metal films show high electrochemically 
active surface area and high sensitivity towards glucose oxidation application. 
